The iron-chalcogenide superconductor FeSe 1-x Te x (0.5 < x < 1) was investigated by scanning-tunneling microscopy/spectroscopy (STM/STS) and break-junction techniques. In the STM topography of the samples, randomly distributed Te and Se surface atomic structure patterns correlate well with the bulk composition, demonstrating that nanoscale surface features directly reflect bulk properties. The high-bias STS measurements clarified the gap-like structure at ≈ 100-300 meV, which is consistent with the break-junction data. These highenergy structures were also found in sulfur substituted FeS 0.1 Te 0.9 . Possible origin of such spectral peculiarities is discussed. The superconducting gap 2Δ ≈ 3.4 ± 0.2 meV at temperature T = 4.2 K was found in the break junction of 
Introduction
The discovery of iron-arsenide superconductor LaFeAsO 1-x F x exhibiting T c = 26 K in 2008 [1] stimulated the subsequent synthesis of novel iron-based superconductors, e.g., LiFeAs [2] , BaFe 2 As 2 [3] , and Fe(Se,Te) [4] . In particular, SmFeAsO 1-x F x compound has the highest T c 55 K [5] [6] [7] [8] , which is a record among non-cuprate superconductors. As for the microscopic Cooper pairing mechanism supporting such high T c 's, several possible candidates were proposed [9, 10] and until now it is unclear which of them is a true one.
Among iron-based superconductors there is a PbO type β-FeSe with the simplest crystal structure. Its specific feature, especially beneficial for surface studies, is a good cleavability over the ab-plane. The sample surface is believed to be so stable that it is not expected to be reconstructed. The superconductivity of FeSe maintains against substitution of the chalcogenide ions such as Fe(Se,M) (M = Si, Sb, S, Te) [11, 12] , and Fe(Te,S) [13] . For instance, T c of Te substituted compound Fe(Se,Te) can be easily manipulated by changing the Se/Te composition ratio. In particular, T c of FeSe is enhanced up to ~15 K by replacing Se by Te, which has the larger ion radius, while T c of FeSe is only 8 K. Furthermore, T c rises up to 37 K under the high pressure of 8.9 GPa [14] , which is especially remarkable because such a high critical temperature occurs in a pure binary compound system. Therefore, it seems very important to investigate gradual composition changes and their influence on superconductivity microscopically, e.g., as a function of the Se/Te ratio.
In this paper, single crystals of Fe 1.01 Se 1-x Te x (x = 0.5-1) were investigated by means of the scanning tunneling microscopy (STM) and spectroscopy (STS), and the results of the nanoscale surface measurements within the large Te range were compared and discussed. The tunneling spectroscopy measurements of the superconducting gapping were also carried out by the break-junction (BJ) method which is extremely sensitive to the electronic spectrum variations in the superconducting state.
Experimental
Fe 1.01 Se 1-x Te x single crystals were synthesized by a standard process [15] . The mixed powder of Fe, Se, and Te pressed into pellet was double-sealed in an evacuated quartz tube, which was held at 1000 °C for 36 hours to cool down to 400 °C at a rate of -3 °C/h, followed by furnace cooling to room temperature, T. The pristine samples thus obtained were annealed at 400 °C for 100 hours. The electron probe micro analyzer (EPMA) was employed to determine the actual composition of the crystal. The resistivity measurements were done by a standard dc four probe method.
The STM apparatus used in this experiment was an Omicron LT-UHV-STM system, which has been modified to further reduce external disturbance of the sample [16, 17] . The sample was cleaved along the layer in situ at T = 77 K in an ultra-high vacuum (UHV) sample preparation chamber of ~10 -8 Pa to avoid any contamination or migration of atoms on the crystal surface. The Pt/Ir wire was used as the tunneling tip, which was cleaned by a high-voltage field emission process with Au single crystal target before the scanning operation. The STM measurements were carried out at T = 4.9-77 K under the UHV condition of ~ 10 -8 Pa evacuated by the ion pump. A constant current mode was adopted to obtain the STM images. The BJ tunneling spectra were measured using an ac modulation technique with lock-in amplifier. By this method, fresh and clean superconductor-insulator-superconductor (SIS) junction interface can be obtained along the crack of the thin platelet single crystal at T = 4.2 K [18, 19] .
Results and discussion
Prior to the STM/STS measurements, we determined the composition ratio x from EPMA in Fe 1.01 Se 1-x Te x with 0.5 < x < 1 (hereafter, we denote it as FeSe 1-x Te x ). The results showed that the analyzed compositions of Te and Se were in a good agreement with nominal x. The found Te content exceeded x in the range 0.2 < x < 0.5. The analyzed Fe content 1.02 was slightly larger than the nominal value of 1.01. Single crystals of nominal x < 0.2 were not obtained in the present synthesis procedures. From the temperature dependence of resistivity, the maximum T c was determined: T c (onset) = 15.9 K, T c (0) = 14.5 K for x = 0.5. The critical temperature decreases with either increasing or decreasing x from 0.5. The lowest onset T c was found as ~ 11 K for x = 0.9. In the T-dependence of resistivity for the annealed FeTe sample (x = 1), a noticeable drop in the resistivity, which is related to the tetragonal-to-orthorhombic structural phase transition, was observed at around 72 K [20] [21] [22] [23] . As the Te content x decreases, the resistivity-drop temperature also goes down accompanying the increase of resistivity. Such a feature was not observed for x = 0.9 before the annealing process.
Before the STM measurements, we confirmed the surface electronic cleanliness by measuring the dependence of tunneling current I on the tip-sample distance z, I(z). Figure 1 shows that I(z) curve is exponential. From the perfect linearity of the logI-z dependence, the local work function, φ = 5.2 eV, is determined. The spatial resolution of the tip was ascertained by monitoring the atomic structures of gold single crystal during the tip preparation process. For the STM measurements, the sample bias voltage V = ± 0.01-0.8 V and the tunneling current I t = = 0.3-0.4 nA were adopted as the feedback conditions, but the results did not substantially depend on these parameters. The STM images did not depend on the annealing process. Clear surface spots of atomic arrangements forming the square-lattice structures were always observed. The period of lattice spot structures is ~ 0.37-0.38 nm for all compositions x, thus no distinguishable differences were found among them within the resolution.
The STM images for FeSe 1-x Te x with various x measured at 4.9 K are shown in Fig. 2 . Since the crystal structure consists of the stacking of edge-sharing FeSe 4 tetrahedral layers, the cleaved surface is always the same. This is very advantageous for the investigation of the ab-plane properties in this compound. They exhibit the coexistence of the bright and dark spots for all the topographies. In Fig. 2(a) , bright and dark spots are shown to be randomly distributed over the wide area of the atomic image. Such coexistence is realized only for the limited range of compositions x, where bright and dark spots correspond to Te and Se atoms, respectively, as was discussed earlier [15] . Similar STM images were also reported in Refs. 24-27. A direct evidence of distinguishing atoms in line with the discussion is given in Fig. 3 , where the STM topography and its cross section along the indicated line is presented for x = 0.7 and x = 0.9. The ripple patterns reflecting the sample-tip distance being kept constant are readily seen in the cross sectional profiles. The positions of spiky dips among the regular shallow ripples in the height profiles in Figs. 3(a) and (b) correspond to the darker spots in the topography. The depth of the spikes is ~ 0.02-0.03 nm for both profiles. Since the ionic radii of Te and Se are 0.221 and 0.198 nm, respectively, the difference in the height z reflects just the difference of ionic radii 0.023 nm between Te and Se. Therefore, the difference in ion sizes between them is now visualized. Figure 3 (c) shows the darkspot ratio in the STM images versus the Se content (1-x) determined from EPMA. The dark-spot ratio was defined by counting the numbers of dark n d and bright n b spots within the area of typically 30×30 nm and then normalized as n d /(n b + n d ). The bright shinning spots discussed above were sometimes observed in the whole x ranges, but they were omitted from the counting. Almost perfect linear relationship was obtained between the dark-spot ratio on the STM image and the Se content taken from EPMA. From these results, we identify the origin of the bright and dark spots in the whole investigated range of 0.5 < x <0.9. The results testify that the bulk characteristics directly correlate with the nanoscale local features of the freshly cleaved crystal surface. These convincing topographic studies with atomic resolution are ensured by the high quality of the local tunnel barriers manifested by the constancy of the measured work function.
In spite of such clear observations of the surface atomic arrangements of FeSe 1-x Te x with precise identification of Te and Se atoms on the crystal surface, we observed by STS no clear local superconducting gaps. The electronic surface inhomogeneity might be a possible primary origin of the obscure superconducting gap structures. To confirm such a nanoscale electronic irregularity we built STS conductance mappings. Figure 4 demonstrates the STM topography and the mapping of the differential conductance dI/dV at zero bias and V = 30 mV for FeSe 0.3 Te 0.7 in the superconducting state at 4.9 K. The patch-like patterns in the conductance map of 5×5 nm roughly resemble those of STM topography in the same region, which is due to Te/Se distributions as indicated in Fig. 2 . However, a closer look indicates slight discrepancies between the contrast patterns of the topography and conductance mapping. This can be explained by the manifestation of the local density of states integrated over the energy revealed in the topography while density of states itself determines the conductance mapping. To clarify this point further, the line profiles of the conductance are shown for the line cuts from three different locations. The conductance magnitude becomes remarkably inhomogeneous when the bias voltage exceeds +20-30 mV while it is fairly homogeneous for the negative bias. This indicates the existence of impurity states in the empty band. Since the energy scale of the inhomogeneity starting at 20-30 meV is much higher than T c ~ 10 K (~ 0.9 meV) of FeSe 0.3 Te 0.7 , it does not seem to be directly related to the superconducting properties. The BardeenCooper-Schrieffer (BCS) pairing energy is about 2 meV, but no trace of a superconducting gap is seen in any of local conductance profiles in the low bias regions below 10 mV.
It stems from the figure that there are no serious local nanoscale inhomogeneities at zero bias which would be able to smear superconducting-like spectra with their small energy gaps. (This is in contrast to the pattern at V > 20-30 meV where the substantial irregularity does exist.) The gaprelated features might have been washed out by surface variations of the electronic properties emerging despite low-T and UHV cleaving conditions. Nevertheless, it is impossible now to indicate any sound reason of such variations. One might also consider the absence of gapping being due to bad resolution of the STS chamber. However, measurements with the same STM/STS apparatus demonstrated conspicuous atomic arrangements and the superconducting gap features in the other layered superconductor β-ZrNCl having a similar T c = 13-15 K [28] .
The existence of the superconducting gap could be found by examination of the zero-bias conductance in the superconducting state. Corresponding attempts were made and the results obtained are shown in Fig. 4 , in which the dark-contrast region near zero-bias corresponding to the depression of the electronic density of states might be due to the manifestation of the superconductivity gap, because such deep dark contrast becomes generally weak upon warming. Anyway, there are no traces of the apparent gap structure in the observed line profiles.
Hence, another effective method of BJ tunneling spectroscopy (BJTS) [18] was applied to reveal superconducting gaps in the materials concerned. In this technique, the symmetric geometry of electrodes is realized so that the overwhelming majority of junctions are of the SIS nature. Since the crack section is perpendicular to the plate the tunneling current passes mainly through the ab crystal plane.
Quite a number of iron-based superconductors are believed to manifest multiple or anisotropic gaps [29] as a consequence of the multiple electronic band structure [10] . In particular, two-gap behavior was demonstrated in FeSe 1-x [30] . We sought for this phenomenon in our samples of FeSe 1-x Te x but succeeded in the observation of the maximum-gap features only. This major gap, which is of the order of T c if the gaps are relatively weakly coupled, is a parameter that at least approximately reflects the strength of the pairing interaction [31] . At the same time, the middle and bottom curves in Fig. 5(a) reveal more subtle gap-like features demonstrating hints of multigapness. The inner coherent peaks of the double-gap structure in the middle curve correspond to the gap peaks of the top curve positioned at ± 2-3 mV, while the outer ones correlate with the rather strong peaks of the bottom curve positioned at ± 5-6 mV. Since the latter bias voltages are twice as much as the former ones, a plausible conclusion may be made that the outer and inner peaks are generated by tunneling through SIS (the bottom curve) and SIN (the top curve, N stands for a normal metal) junctions, respectively rather than by random scatter of multiple gap values due to the sample inhomogeneity. Indeed, SIN junctions are often formed instead of SIS counterparts even in symmetric break junctions. This can be understood as the consequence of the crack occurrence at a crystal defect or grain boundary [32] . The above arguments were checked by the conductance fitting using the broadened BCS density of states with the account of thermal broadening. In the fitting, the wellknown approximation for the density of states,
1/2 }|, was used, where Γ and Δ are the phenomenological broadening and gap parameters, respectively [33] . The fitted results are depicted as dashed lines in Figs. 5(b) and (c). The overall features including the broadened gap peaks and especially the substantial leakage conductance at zero bias are fairly well reproduced. On the other hand, the calculated conductance peaks are much shaper than the experimental data. The best fitting parameters at T = 4.2 K are Δ = 1.6-1.8 meV and Γ = 0.2-0.3 meV, respectively. As for the microscopic origin of Γ, there exist several possible factors such as gap anisotropy, inhomogeneity, etc., although there are no quantitative estimations. On the other hand, relatively large but rather common value obtained here implies the extrinsic interface influence. Such a large Γ value probably reflects the depression of the superconducting gap features in STS. From the fitting results in Figs. 5(b) and (c), in which the correspondence between experimental data and calculated curves is rather good in the zero bias region, the feature of sub-gap conductance seems to have nothing in common with any non-conventional anisotropic pairing. Figure 6 shows the T-dependence of the conductance in the gap region corresponding to Fig. 5(b) . The gap structure already broadened at 4.2 K is further broadened upon warming and smeared out at a local T c = 10 K in the junction. This is much lower than the bulk T c = 15 K from the resistivity measurements. The figure also indicates the SIN junction formation in BJ as is indicated in Fig. 5(b) , where the gap structure is gradually smeared out but the gap-edge peaks do not shift to zero at T → T c , which is in contrast to the behavior of SIS junctions [32] . The low-T gap value 2Δ = 3.2-3.6 meV and the junction local T c = 10 K give the characteristic gap to T c ratio 2Δ/k B T c = 3.7-4.2. This is slightly larger than the BCS value ≈ 3.5, indicating a moderate or strong-coupling. Similar gap values were reported in the earlier STS studies [24, 25, 27] . In the BJ measurements, substantial variation of both gaps was found. Most probably, it is because BJTS is sensitive to local changes in stoichiometry as described in our previous measurements [34] . These BJ studies reveal an upper limit of the superconducting gap value. The solid curve in Fig. 7(a) shows the maximum gap size observed in this series of measurements, where the peak-to-peak separation of V p-p ≈ 13-14 mV was obtained in the gap structure with moderately pronounced peaks. This gap may be attributed to the maximum T c = 15 K in this compound series. The representative outer gap structure in Fig. 5(a) is also shown for the comparison. We can recognize that the larger gap size possesses the larger conductance leakage (probably reflecting the low superconducting volume fraction). This is consistent with the fact that we often obtained immature gap size and T c , as shown in Figs. 5 and 6. This set of thermodynamic parameters correlates well with V p-p ≈ 40 mV and T c ≈ 48 K of the superconducting NdFeAsO 0.9 F 0.1 found in our BJTS measurements [35] , thereby supporting the idea of a common mechanism of superconductivity among the iron-based compounds [10, 36] .
In fact, one-unit-cell film of FeSe fabricated by molecular beam epitaxy was found to exhibit superconductivity above 50 K and reveals the gap values of ≈ 20 mV and ≈ 40 mV in STS investigations [37, 38] . Notwithstanding the difference in T c , the coherent peak positions in Ref. 37 correlate with our results of V p-p ≈ 40 mV for the symmetric BJ junction. In Fig. 7(b) , superconducting zero-T gap versus T c plots for several iron-based superconductors are shown together with those of some copper oxides as well as of previously investigated by us layered nitrochloride superconductors [28, 39] . All the measurements were done by the fixed design of BJTS. The plots demonstrate a remarkable difference in the slope reflecting the difference in the coupling strength and, possibly, in the underlying mechanism of Cooper pairing. Namely, the slope is about the s-wave BCS weak-coupling value in iron-based superconductors, while it is more than twice that in the copperoxide and nitrochloride superconductors. Therefore, it is clear that cuprates and nitrochlorides possess unusually large energy scale of the pairing interaction, the origin of which remains to be clarified [39, 40] . As for cuprates, it might be a consequence of the charge-density-wave (CDW) influence on superconductivity [41] .
We have extended the bias voltage range to investigate the background normal-state electronic states. Figure 8(a) shows representative tunneling conductances obtained in both STS (A and B) and BJTS (C and D) measurements. The STS conductance is obtained by averaging 4096 spectra in a 10×10 nm region, while the BJTS conductance is a single trace from a junction. The revealed broadened gaplike structure in STS spectra appears to be asymmetric with respect to zero bias, but the bias polarity of the enhanced peak in the asymmetric conductance depends on the measurement run as shown in two characteristic curves of Fig. 8(a) . The asymmetric gap structure of curve A possesses a moderately enhanced peak appearing at the negative bias of ~ -300 mV, while a subtle peak at the positive bias ≈ 100 mV becomes distinct only after normalizing by the background value. Note that the bias polarity is defined with respect to the sample. The high-energy gap structures found in STS persist even at 77 K, showing the peaks at -300 mV and +100mV, as displayed in Fig. 8(b) .
The sub-gap conductance depends linearly on the bias showing a very weak bend at -100-150 mV, which becomes visible after the normalization. This bias is symmetric with respect to the smaller peak occurring at +100 mV in the normalized conductance, which is distinctly manifested in the raw conductance data of B only in the positive bias.
Curves C and D in Fig. 8(a) describe the high-energy structure of the BJTS conductance similar to that observed by STS. The conductance is reasonably symmetric in accordance with the SIS nature of the junction. The welldistinguished gap-edge structures are seen at ≈ ±300 mV for C with small bends at ±100mV, accompanying an in- tensive broad zero-bias peak due to a superconducting weak-link behavior of the junction. The broadened doublepeak structure is seen in D at ±400 mV and ±150 mV, possessing the slightly larger energy than in C. These gap features are in agreement with the STS spectra.
The lack of superconductivity manifestations in spectrum D is probably due to break of the sample in the nonsuperconducting region or the gap averaging out by inhomogeneity. This explanation correlates with relatively large conductance leakage. It might also happen that the absence of superconductivity is due to the insufficient resolution of the ac modulation voltage (> 1 mV) in this case.
The line profiles of the conductance mapping are shown in Figs. 9(a) and (b) from the STS measurements at 4.9 K within the length scale of ≈ 10 nm. The broadened peaks at ≈ -300 mV ( Fig. 9(a) ) and +100 mV (Fig. 9(b) ) are evident anywhere in the spatial region, which demonstrate that the conductance below |V| = 400 mV is fairly homogeneous at least in this range with small accidental variations.
The broad peak structure at -300 mV is consistent with the binding energy of 300 meV in the density of states originating from iron d-state as observed in the valence-band photoemission spectroscopy [42] . On the other hand, the conductance peak positions which change with the bias polarity (-300 mV and +100 mV) could be due to the tunneling from different sections of the Fermi surface. In fact, the angle-resolved photoemission spectroscopy along the high-symmetry line of the Brillouin zone showed a broad peak feature at ≈ 300 meV around the Γ point and a nondispersive band at ≈ 100 meV around the M point, respectivey [43] . The energies of asymmetric peaks with strongly asymmetric conductance background observed in STS could be explained by the difference in the tunneling probability along the different directions in the Brillouin zone. Since the negative bias corresponds to the electron tunneling from the sample into the tip, the observed peak at -300 mV might reflect the bottom of the electron band, while the +100 mV peak reflects the empty states of the top of the hole like band, both of which are located at the Γ point. The conductance features like this exist in the broad composition range, showing similar nanoscale homogeneity.
The remarkable segmental dependence of the conductance background occurring intensively in the particular surface regions, that is, stronger positive or negative bias dependences in Figs.9(a) or (b), respectively, could hide the peak in the opposite bias. Such features could happen when the shape of the potential barrier plays an important role. In the vacuum tunneling using an STM tip, local enhancement of the electric field modifying the barrier yields a strong bias dependence.
The density-wave formation in the layered compound may be another plausible driving force of the conductance asymmetry as predicted by the theory [44] . As for the gap size observed here, it is typical to those of the charge density wave compounds [45, 46] . Specifically, the asymmetry in the gap structure could be a manifestation of the influence of the CDW order parameter phase. This is a possible reason of the pseudogap (dip-hump) peak existence on one bias polarity branch only [47] . The existence of the asymmetric gap feature in the STS conductance could be a smoking gun of the CDW appearance in FeSe 1-x Te x , which might exist in iron-based compounds along with spin density waves (SDWs) [36] . At the same time, SDW can also promote asymmetry of the tunneling conductance [44] .
Assuming the energy scale of the conventional CDW compounds, the present gap might disappear at ≈ 100-250 K. This is in accordance with Fig. 8(b) , where the gap-like structures are observed even at 77 K. In fact, the structural phase transition near 90 K has been reported in FeSe [48] , and confirmed in our own resistivity measurements [49] . These characteristic features can be associated with high bias gap-like structures observed here.
The high-energy gap like structure is reproduced in the sulfur-substituted compound. Figure 10 shows the STS conductance profile for Fe 1.02 S 0.1 Te 0.9 where compositions were determined by EPMA. Rather homogeneous line profile in the spatial range of 10 nm is similar to that in the Se-substituted compound. The pronounced peak at ≈ -400 mV and a weak structure at +100-200 mV are slightly larger than in the Se compound, but essentially in the same energy range. The difference is probably due to modifications of electronic states upon the change of the ion sizes, since the S ion is 7-9% smaller than the Se one.
In order to study the high-energy feature in connection with the magnetic phase transition at 72 K [20] [21] [22] [23] 
Summary
We have synthesized and measured the surface and electronic properties of Fe 1.01 Se 1-x Te x (0.5 < x < 1) single crystals by means of STM/STS and BJ tunneling spectroscopy. The STM topographies distinguish Se and Te atoms in the whole x range, indicating that surface local events directly reflect the bulk properties. The STS and break junction measurements clarified the asymmetric gap-like structure at ≈ ±100 mV and -300 mV. These features seem to be consistent with the photoemission spectra, while the distinct asymmetric gap-like feature can be explained by a possible CDW formation. Such structures are also observed in sulfur substituted Fe 1.02 S 0.1 Te 0.9 , but not in 
